He ingrowth in either (1) a "fossil" Réunion hot spot mantle component, embedded into the subridge mantle when the CIR migrated over the hot spot at ∼34 Ma or (2) trace element enriched MORB mantle. In contrast, the high 3 He/ 4
Introduction
[2] Geophysical and geochemical observations have revealed that a significant portion of the global mid-ocean ridge system is influenced by hot spots, located within ∼1400 km of the ridge axis [Schilling, 1991] . In locations where a hot spot is close to a spreading ridge (e.g., Iceland, Amsterdam-St. Paul, Azores, Easter, Galápagos, and Réunion), lateral flow of upwelling hot spot mantle along the base of the lithosphere toward and along the ridge system results in increased melt production and crustal thickness, as well as elevated topography and negative gravity anomalies at the ridge axis Lin, 1995a, 1995b; Dyment et al., 2007] . Furthermore, mixing of hot spot mantle with the subridge mantle generates enriched trace element signatures (e.g., high La/Sm ratios) as well as variations in Sr, Nd, and Pb isotope ratios of basalts erupted at the ridge [Hart et al., 1973; Schilling, 1973; Schilling et al., 1982; Schilling et al., 1985; Hanan et al., 1986; Ito et al., 2003] .
[3] Mid-ocean ridge basalts (MORB) sampled away from the influence of hot spots display 3 He/ 4 He ratios of 8 ± 1 R A (where R A = 3 He/ 4 He of air), whereas hot spot-derived ocean islands basalts (OIB) from Iceland, Hawaii, Galápa-gos, Samoa and Réunion show higher 3 He/ 4 He ratios [see Graham, 2002, and references therein] . Nearly all of Earth's 3 He is primordial (i.e., it was trapped during Earth formation), whereas 4 He is continuously produced by the radioactive decay of U and Th. Thus, the distinct helium signatures of MORB and OIB suggest that the MORB source has evolved with a higher time-integrated (U+Th)/ 3 He ratio than the source(s) of hot spot magmas. Consequently, helium isotopes are a powerful tool for studying ridge-hot spot 16.7°S and 20.6°S, and the adjacent Gasitao Ridge, Three Magi Ridges, and Rodrigues Ridge (Figure 1 ). In addition, we determined the helium isotope and abundance characteristics of olivine separates from a suite of lavas and cumulate xenoliths from the Mascarene Islands (Réunion, Mauritius, and Rodrigues). The new data set shows that some basaltic glasses from the CIR and off-axis volcanic ridges record a Réunion-like helium isotope signature. These observations permit us to evaluate the dynamics of mixing between different mantle components in this region of the Indian Ocean Basin, together with the effects of shallow level magmatic processes (i.e., posteruptive radiogenic 4 He ingrowth, degassing and fractional crystallization) Figure 1 . Bathymetric map of the CIR and the adjacent Gasitao Ridge, the Three Magi Ridges, and the Rodrigues Ridge. The three levels of color for the bathymetry data represent (1) pale colors, bathymetry "predicted" from satellite altimetry [Smith and Sandwell, 1997] ; (2) intermediate colors, previous multibeam bathymetric data from R/V Marion Dufresne (1998 [Dyment et al., 1999] ), L'Atalante (2000 [Dyment et al., 2000] ), and Hakuho-Maru (2007 [Okino et al., 2008] ); (3) bright colors, multibeam bathymetric data collected by R/V Revelle (2007 [Füri et al., 2008] ). The circles indicate the location of samples collected during the KNOX11RR (red), CD127 (green), and GIMNAUT (blue) cruises. The inset shows the Mascarene Islands (Réunion, Mauritius, and Rodrigues) to the west of the CIR as well as the Rodrigues Triple Junction.
that also play a role in establishing the helium characteristics of the erupted lavas.
Geologic Setting and Background
[5] The CIR, which separates the African and IndoAustralian plates, extends southward from the Carlsberg Ridge near the equator toward the Rodrigues Triple Junction (20.5°S, 70°E), where it branches into the Southeast and the Southwest Indian ridges. In this study, we target the CIR segment bounded by the Marie Celeste FZ (Fracture Zone) to the north and the Egeria FZ to the south (Figure 1 ). The CIR axis is shallowest along this segment, and offsets shift it westward toward the island of Réunion [Parson et al., 1993] .
[6] At ∼34 Ma, the northeastward migrating CIR passed over the Réunion hot spot , which is presently located ∼1100 km to the west of the ridge axis. The Réunion hot spot formed the Deccan Trap flood basalts, the Chagos-Maldive-Laccadive Ridge, the Mascarene Plateau, as well as the Mascarene Islands, composed of the islands of Réunion, Mauritius, and Rodrigues . Réunion Island represents the most recent expression of the hot spot. The island is composed of two volcanoes: Piton des Neiges, which was active between ∼2 Ma and 43 ka, and the still active Piton de la Fournaise, where volcanic activity began ∼530 ka ago [Gillot and Nativel, 1989] . Mauritius is considered to be located on the former site of the Réunion hot spot [Morgan, 1981; Paul et al., 2005] . Volcanic activity on Mauritius started with a shield-building stage at 8 to 7 Ma (Older Series), with later stages at 3 to 2 Ma (Intermediate Series) and 0.7 to 0.2 Ma (Younger Series) [McDougall and Chamalaun, 1969] . Rodrigues Island was formed at 1.5 Ma [McDougall et al., 1965] ; it lies at the eastern end of the Rodrigues Ridge, an east-west trending volcanic ridge that is 8 to 10 Ma old . Smaller en-échelon volcanic ridges at 19°S (the Three Magi Ridges and the Gasitao Ridge) appear to extend the Rodrigues Ridge to the near vicinity of the CIR (Figure 1 ) [Dyment et al., 1999 [Dyment et al., , 2000 .
[7] A number of models have been proposed to explain the occurrence of volcanism between the Mascarene Islands and the CIR. Morgan [1978] proposed that the Rodrigues Ridge was formed by volcanism above a channel of upwelling Réunion hot spot mantle, deflected toward the ridge axis as the CIR migrated northeastward away from the hot spot. In this scenario, a geochemical signature from the Réunion hot spot would be expected on the CIR axis at ∼19.5°S, i.e., at the intersection of the ridge axis with a line projected through Réunion and Rodrigues islands. While Mahoney et al. [1989] Pb) in basalt glasses from the CIR, the geochemical anomaly was only observed in the vicinity of the Marie Celeste FZ, i.e., further north than predicted by Morgan [1978] . A more detailed study showed that basalts collected between the Marie Celeste FZ and the Rodrigues Triple Junction record a systematic decrease in incompatible element concentrations and ratios (e.g., La/Sm) toward the south [Murton et al., 2005] . These trace element and radiogenic isotope characteristics of CIR basalts have been interpreted to reflect the presence of an enriched mantle source near the Marie Celeste FZ and normal MORB-like mantle in the south. Given these constraints, Mahoney et al. [1989] and Murton et al. [2005] proposed that Réunion hot spot mantle is migrating eastward along the Marie Celeste FZ toward the CIR, where it is forced southward and mixes with depleted MORB mantle.
[8] To investigate in more detail the influence of the Réunion hot spot on the CIR, Nauret et al. [2006] targeted a suite of basalts collected both on and off the CIR axis between 18°and 20°S. While they confirmed that basalts from the North generally have higher incompatible trace element ratios than southern samples, they concluded that the composition of Réunion lavas (derived from three submarine samples collected from the flanks of Piton de la Fournaise; [Fretzdorff and Haase, 2002] ) is not suitable as an end-member for the observed Sr-Nd-Pb isotope characteristics of most on-axis samples. Only off-axis lavas from the Gasitao Ridge, as well as a single on-ridge sample collected at 19.95°S, appeared to record a Réunion source signature. Therefore, Nauret et al. [2006] proposed that Réunion hot spot material flows eastward toward the CIR on a trajectory that impinges the ridge at ∼19.9°S, which agrees with the scenario initially described by Morgan [1978] , and they concluded that the mantle source enrichment in the vicinity of the Marie Celeste FZ, ∼100 km to the north, cannot be related to influx of mantle material from Réunion. However, we note that more recently published trace element and Sr-Nd-Pb isotope data demonstrate that the Réunion hot spot is more heterogeneous than previously thought [e.g., Luais, 2004; Vlastélic et al., 2005; Bosch et al., 2008; Pietruszka et al., 2009] . Consequently, the source of Réunion lavas can represent a suitable mixing end-member for the isotope signature of CIR basalts sampled between 18°and 20°S.
[9] While trace element and Sr-Nd-Pb isotope data clearly show the presence of an enriched component in the subridge mantle of the CIR, the only helium isotope ratios that have been reported so far from this region of the CIR were for four basaltic glasses and range from 7.26 to 8.96 R A [Mahoney et al., 1989] , virtually undistinguishable from the range associated with depleted MORB mantle (8 ± 1 R A [Graham, 2002] ). In contrast, both historic and prehistoric lavas from Piton de la Fournaise, the presently active volcano on La Réunion, show that the Réunion hot spot is characterized by significantly higher 3 He/ 4 He ratios of ∼11.8 to 14.5 R A [Kaneoka et al., 1986; Staudacher et al., 1986; Graham et al., 1990; Staudacher et al., 1990; Hanyu et al., 2001; Trieloff et al., 2002; Hopp and Trieloff, 2005] . Thus, any interaction of the CIR with the Réunion hot spot is expected to result in helium isotope values greater than 8 ± 1 R A in basalts erupted along the ridge axis.
Sampling and Analytical Techniques
[10] We collected submarine pillow basalts by dredging during the KNOX11RR cruise (November 2007) of the R/V Revelle along the CIR axis (between 16.7°S and 20.1°S), and the adjacent Gasitao Ridge, Three Magi Ridges, and Rodrigues Ridge [Füri et al., 2008] . We recovered variable amounts of fresh glass from 24 out of a total of 38 dredge locations (Figure 1 ). This sample set was supplemented by 12 glass samples from the GIMNAUT cruise and 14 glass samples from the cruise CD127 [Murton et al., 2005] . In addition, subaerial olivine phenocryst-rich lavas on Rodrigues, Mauritius, and Réunion, as well as cumulate xenoliths from Piton Chisny (Réunion), were collected during field sampling in November 2007. The xenoliths range from fresh dunites to highly oxidized dunites with red discoloration.
[11] Submarine glasses from the GIMNAUT cruise and from cruise CD127 [Murton et al., 2005] were analyzed for major elements by electron microprobe, and trace element abundances were determined using an ICP-MS PlasmaQuad turbo 2+ and laser ablation ICP-MS, respectively. The KNOX11RR major element data were obtained from whole rock samples by wavelength dispersive XRF spectrometry, and picked glasses were analyzed for trace elements using a Thermo X-series II ICP-MS. Reference standards BHVO-2 and BIR-1 were run during the XRF data acquisition, with additional standards JB1A and JB-3 for the ICP-MS analyses, and yield accuracy and precision values for the KNOX11RR data (auxiliary material Tables S1 and S2).
1 Major and/or trace element data could not be obtained for some dredge locations with small sample yields.
[12] Olivine separates from lavas and xenoliths from the Mascarene Islands were analyzed by electron microprobe at Washington State University. For each sample, between 6 and 12 grains of olivine were analyzed for their major element chemistry in order to calculate their Mg numbers (=Mg/(Mg + Fe 2+ ) × 100).
[13] A total of 51 basaltic glass samples, as well as 21 olivine separates, were analyzed for their helium isotope and abundance characteristics on a MAP 215 noble gas mass spectrometer by crushing. In the case of glasses, we selected fresh chips, free of phenocrysts and surface alteration using a binocular microscope. For phenocrysts, we ensured that crystals had no adhering matrix. In all cases, an effort was made to choose a small number of large grains to minimize the surface area to volume ratio and help preserve vesicles and/or inclusions in the samples. However, olivine phenocrysts from Rodrigues and Mauritius are significantly smaller than the phenocrysts in lavas from Réunion.
[14] After precleaning in a 1:1 acetone-methanol mixture, approximately 50 to 170 mg of glass (i.e., typically between 1 to 10 chips) or 0.5 to 1 g of olivines, respectively, were loaded into online, electromagnetic crushers (see description by Scarsi [2000] ) connected to the preparation line of the MAP 215 noble gas mass spectrometer and pumped overnight to ultrahigh vacuum. Crushing of the samples was achieved by externally accelerating a magnetized steel slug up and down within the crusher for 2 min at a frequency of ∼120 impacts per minute. For basaltic glass, most He (>60%) will reside in the vesicle phase even at low degrees of vesicularity (∼1%) [e.g., Jambon et al., 1986; Carroll and Draper, 1994] . Since crushing physically pulverizes the glass and releases vesicle-sited volatiles, it is expected that helium abundances obtained by crushing will closely approximate the total "magmatic" helium content of the submarine glasses utilized in this study (within a factor of ∼2). In the case of olivine separates, in contrast, He is extracted from inclusions adopting the technique of short crushing times (2 min). Short crushing times minimize release of matrix-sited He [Hilton et al., 1993] where implanted radiogenic He is likely to reside. Although we cannot rule out liberation of some matrix-sited He if present, it is unlikely that it contributes significantly to the inclusion He released by crushing. Therefore, we consider measured olivine 3 He/ 4 He ratios in young (Réunion) samples as representing unmodified magmatic values; however, in the case of older samples (i.e., from Mauritius and Rodrigues), we regard these as minimum values (see section 4.1).
[15] The volatiles released upon crushing were purified in the mass spectrometer preparation line by sequential exposure to a 750°C hot Ti getter, an activated charcoal trap (held at −196°C), a SAES getter, and a cryogenic trap lined with activated charcoal (held at <20 K). Helium was released from the cryogenic trap by increasing the temperature to 35 K, whereas Ne was released at 90 K. Ne ratios were measured in static mode and calibrated against standard aliquots of air (=1 R A ) run at least twice a day under identical experimental conditions. Prior to each individual sample run, an analytical blank of the entire system was measured. The blanks (average ≤0.5 × 10 −9 cm 3 STP 4 He) were subtracted from each sample helium measurement. The blank contribution to the 4 He signal was less than 0.5% for all basaltic glass samples (except for the exceptionally He-poor sample D29-1) and xenoliths from Piton Chisny. In contrast, olivine phenocrysts from lavas showed a significantly higher blank contribution between 1 and 11% for samples from Réunion, and between 7 and 65% for samples from Mauritius and Rodrigues due to low He contents and/or small samples sizes. Furthermore, analytical blanks for 20 Ne were subtracted from each sample neon measurement, with any remaining neon considered an estimate of air-derived 20 Ne in the sample. However, only samples D29-1, RU07-11, and RG07-01 showed a significant air 20 Ne contribution, as indicated by low X values of 3.5, 22.3, and 4.5 Ne) air . Therefore, we corrected the measured helium isotope ratios and helium concentrations of these three samples for the effects of air contamination (see Tables 1 and 2 for details).
Results
[16] Helium isotope ratios ( 3 He/ 4 He) and concentrations for olivine separates from the Mascarene Islands are reported in Table 1 . Helium isotope compositions and abundances, as well as chondrite-normalized La/Sm ratios, for 51 submarine basalt glasses from the central Indian Ocean are given in Table 2 . In addition, major and trace element concentrations for glasses collected during the KNOX11RR cruise are reported in Tables S1 and S2, respectively. Helium isotope ratios are reported in the form of R/R A , where R is the 3 He/ 4 He ratio measured in the sample and R A is the atmospheric 3 He/ 4 He ratio of 1.4 × 10 −6 . For samples RG07-01, RU07-11, and D29-1, indicated in bold in Tables 1 and 2 , we report air-corrected helium isotope ratios (R c /R A ) and abundances ([He] c ) due to small but significant air contributions recorded in these samples. (Réunion, Mauritius, Rodrigues) [17] The helium contents of four olivine separates from dunite xenoliths collected at Piton Chisny (Réunion; CH07-0X) range from 158 to 917 (×10 −9 cm 3 STP/g) ( Table 1 and Figure 2a ). In contrast, the helium abundances of all olivine phenocrysts from the Mascarene Islands lavas are significantly lower and vary between 0.5 and 20.3 (×10 −9 cm 3 STP/g). Phenocrysts from Mauritius and Rodrigues, i.e., the smallest olivine grains, show the lowest helium abundances. Mg numbers of the olivine separates range from 79.0 ± 2.5 to 88.0 ± 0.5 (Table 1 and Figure 2b ). We note that olivine grains within individual samples from Mauritius and Rodrigues show a wider range in Mg numbers than those from samples collected on Réunion. This may reflect larger variations of the Mg/Fe ratio within the sampled melt fractions, as well as possible reequilibration of the smaller-sized Mauritius and Rodrigues olivines with their host melt. This interpretation is consistent with generation of olivine from variably degassed, fractionated and contaminated melts, as observed in other volcanic settings [e.g., Hilton et al., 1993 Hilton et al., , 1995 Day et al., 2005] . The range in Mg numbers (and 3 He/ 4 He ratios) observed in olivines from Réunion is limited, consistent with homogenization of magma compositions by magma chamber processing beneath Piton de la Fournaise [e.g., Graham et al., 1990; Pietruszka et al., 2009, and references therein] .
Olivine Separates From the Mascarene Islands
[18] The new helium isotope ratios for olivine phenocrysts and xenoliths from Réunion vary between 11.9 and 14.1 R A and agree with the values observed in previous studies (∼11.8 to 14.5 R A [Kaneoka et al., 1986; Staudacher et al., 1986; Graham et al., 1990; Staudacher et al., 1990; Hanyu et al., 2001; Trieloff et al., 2002; Hopp and Trieloff, 2005] ). The mean 3 He/ 4 He ratios of phenocrysts from Piton des Neiges (Younger Oceanite Series) and Piton de la Fournaise (PDLF 4) are 12.45 ± 0.45 R A (n = 5) and 12.84 ± 0.51 R A (n = 3), respectively, whereas xenoliths from Piton Chisny (PDLF 3) show slightly higher values of 13.82 ± 0.24 R A (n = 4). The difference between the R/R A values of xenoliths and erupted lavas may reflect more extensive degassing of the host lavas compared to the cumulate xenoliths, followed by ingrowth of 4 He* and/or crustal contamination of olivines within lava samples.
[19] The 3 He/ 4 He ratios of olivine phenocrysts from Mauritius and Rodrigues are significantly lower and range from 7.4 to 10.4 R A and 5.3 to 8.4 R A , respectively. These results compare well with the data set of Hanyu et al. [2001] , where 3 He/ 4 He ratios of ∼11.8 R A for Older Series lavas on Mauritius, and a value of ∼8 R A for two samples from Rodrigues were reported; however, these authors were unable to determine the He isotope composition of Latitude and Longitude determined by GPS measurement (WGS 84 datum). In degrees, minutes and seconds. d "Older Series," shield-building stage (7-8 Ma) of Mauritius [McDougall and Chamalaun, 1969] ; "Younger Oceanite Series," Piton des Neiges (0.43-2.1 Ma); PDLF3: Piton de la Fournaise, Phase 3 (5-60 ka); "PDLF4," Piton de la Fournaise, Phase 4 (present-5 ka) [Chevallier and Bachelery, 1981; Chevallier and Vatin-Perignon, 1982; Montaggioni and Nativel, 1988] . The majority of submarine basalts recovered from the CIR axis and the adjacent Gasitao, Three Magi, and Rodrigues ridges are tholeiitic, with some samples from the off-axis ridges having alkaline affinity. MgO and SiO 2 contents range from 6.6 to 14.4 wt % and from 44.7 to 51.8 wt %, respectively ( Figure 3 and Table S1 ), and glasses from the off-axis volcanic structures generally have higher MgO and lower SiO 2 contents compared to on-axis samples ( Figure 3) . The high values of MgO observed in glasses recovered from the off-axis volcanic structures are not an effect caused by microphenocrysts of olivine. For example, the sample with the highest MgO content (14.4 wt %; D20-5 from the Gasitao Ridge) has less than 1% by volume of olivine present as phenocrysts of less than 0.5 mm in length, making a difference of no more than ∼0.5 wt % MgO.
[22] Glasses from both the CIR axis and the off-axis ridges are characterized by a wide range in chondritenormalized La/Sm ratios, (La/Sm) N , encompassing typical N-MORB-like ratios (<0.7 [Schilling et al., 1983] ) through values as high as 2.09 and 1.74, respectively ( Table 2 ). The highest (La/Sm) N ratio (2.09) in this study is observed in sample RC1, which was collected from the western flank of the axial valley [Murton et al., 2005] . This sample also records high Ba/La and low Zr/Nb ratios of 11.1 and 8.3, respectively.
[23] We note that both Murton et al. [2005] and Nauret et al. [2006] previously concluded that the variations in incompatible element concentrations and ratios observed along the CIR axis must reflect the presence of a trace element enriched mantle source. Melting models fail to account for the observed variations in trace element characteristics [Murton et al., 2005] , and the lack of a correlation between the Na 2 O content (2.34 to 3.23 wt %) and bathymetry suggests that there are no systematic variations in the degree of partial melting along the CIR axis . One possible exception is sample RC1, the [Graham, 2002] ) and the composition of lavas from Réunion Island (∼11.8-14.5 R A [Kaneoka et al., 1986; Staudacher et al., 1986; Graham et al., 1990; Staudacher et al., 1990; Hanyu et al., 2001; Trieloff et al., 2002; Hopp and Trieloff, 2005] ). (b) 3 He/ 4 He ratios of olivines are plotted as a function of their measured Mg numbers. Olivine phenocrysts in lavas from Mauritius and Rodrigues record a wider range in Mg numbers compared to olivines sampled in Réunion Island lavas (see section 4.1).
highly enriched ridge flank sample, which may be derived from a lower mean melt fraction generated at shallower depth of melting [Murton et al., 2005] . Along the off-axis ridges, in contrast, incompatible trace element signatures may be affected by variations in the degree of partial melting.
Helium Abundances and Isotope Ratios
[24] Helium abundances in submarine glasses are extremely variable and range from 219 to 17,675 (×10 −9 cm 3 STP/g) (Table 2 and Figure 2a) . Only sample D29-1 from the Rodrigues Ridge shows a significantly lower (air corrected) helium content of 2.2 × 10 −9 cm 3 STP/g. Helium isotope ratios of the glass samples vary between 7.1 and 12.2 R A (Figure 2a) , i.e., between values expected for depleted MORB mantle (8 ± 1 R A [Graham, 2002] ) and the helium isotope composition of lavas from Réunion Island with a mean value of 13.1 ± 0.7 R A (see section 4.1). We note that duplicate analyses of samples DR08-1 and D22-1 show good reproducibility for helium isotopes (Table 2 ). In addition, samples D3-3 and D3-9 show 3 He/ 4 He ratios of 7.91 R A and 7.96 R A , respectively, illustrating that distinct pillow basalt fragments recovered in a particular dredge show homogeneous helium isotope compositions.
[25] A previous study reported He isotope ratios of 7.26 to 8.96 R A for a series of four basalts from this region of the CIR, i.e., values that are undistinguishable from the range associated with normal MORB [Mahoney et al., 1989] . Our study reveals that most glasses recovered from the CIR axis have MORB-like 3 He/ 4 He ratios; however, 9 out of the 36 on-axis samples show helium isotope ratios >9 R A (i.e., 9.2 to 10.9 R A ). The majority of glasses from the off-axis volcanic ridges (the Three Magi Ridges, the Gasitao Ridge, and the Rodrigues Ridge) have helium isotope ratios significantly greater than MORB values, i.e., 9 out of the 13 samples have 3 He/ 4 He ratios >9 R A , and glass collected from an abyssal hill located ∼40 km to the south of the Rodrigues Ridge also records an elevated helium isotope ratio of 9.7 R A . The highest 3 He/ 4 He ratio of 12.21 R A , observed on the Gasitao Ridge, is indistinguishable from the helium isotope composition of olivine separates from Réunion (11.9 to 14.1 R A ). We conclude that the high He isotope ratios of submarine glasses recovered between ∼19°a nd 20°S require a contribution of helium derived from a high 3 He/ 4 He mantle source, consistent with input of hot spot mantle material from Réunion with a helium isotope composition of 13.1 ± 0.7 R A (see section 4.1).
[26] Figure 3 reveals that there is no clear correlation between either He abundances or isotopic compositions and the major element characteristics of basalts from this study. 3 He/ 4 He ratios, however, show a broad negative correlation Figure 4 . Helium isotope ratios ( 3 He/ 4 He), helium concentrations, chondrite-normalized La/Sm (La/ Sm) N ratios, and depth of sampling (in meters below sea level; mbsl) of submarine basalt glasses from the (a-d) CIR axis (as a function of latitude) and (e-h) off-axis volcanic structures (as a function of longitude). Also shown are the helium isotope ratios of four basalts obtained previously by Mahoney et al. [1989] . Helium isotope ratios for MORB mantle (8 ± 1 R A [Graham, 2002] ) and lavas from Réunion Island (∼13.0 R A ; this study), as well as the chondrite-normalized La/Sm (La/Sm) N ratios for MORB (0.7 [Schilling et al., 1983] ), are indicated by the horizontal dashed lines. Sample RC1 was collected from the edge of the axial valley [Murton et al., 2005] . Symbols as in Figure 2. with Ba/La (Figure 3e ) and a positive correlation with Zr/Nb ratios (Figure 3f) . Furthermore, the majority of basaltic glasses collected between ∼17°and 19.2°S along the ridge axis fall onto steeper trajectories than glasses sampled south of 19.2°S or along the off-axis volcanic structures; in other words, basalts from the northern part of the CIR axis generally have higher Ba/La (≥∼7; Figure 3e ) and lower Zr/Nb (≤∼20; Figure 3f ) ratios for a given 3 He/ 4 He value. Thus, our new data agree with previous studies [Murton et al., 2005; Nauret et al., 2006] , which showed that basalts sampled near the Marie Celeste FZ are more enriched in incompatible trace elements than those collected further south.
Geographic Variations
[27] In Figure 4 , we show the isotope composition and concentration of helium, as well as (La/Sm) N ratios, for submarine glasses collected along the CIR axis and the offaxis volcanic ridges as a function of latitude and longitude, respectively, in order to evaluate the geographic variations in more detail. Figure 4a reveals that MORB-like 3 He/ 4 He ratios are observed in glasses recovered on the CIR axis in the vicinity of the Marie Celeste FZ, i.e., in the northern part of the study area. We note that a glass sample recovered from a near-ridge seamount south of the Marie Celeste FZ (sample D6-2) also records a low 3 He/ 4 He ratio of 7.2 R A (Table 2 and Figure 2a) , indistinguishable from the values observed on the adjacent segment of the ridge axis. Along the ridge axis to the south, there is a marked increase in 3 He/ 4 He, to values >10 R A between ∼19°and 20°S, before ratios return to ∼8 R A close to the Egeria FZ. The glasses from the southern part of the ridge, characterized by low 3 He/ 4 He ratios, show low He concentrations (≤5 × 10 −6 cm 3 STP/g) and (La/Sm) N ratios (<0.7), as well as the lowest Ba/La, and highest Zr/Nb ratios (Figures 3e and 3f) . Overall, however, 3 He/ 4 He values do not correlate with helium concentrations (Figures 2a and 4b) [28] Along the Rodrigues, Three Magi, and Gasitao ridges, there are no systematic variations in 3 He/ 4 He ratios and He concentrations as the CIR axis is approached. Helium isotope ratios range from 8.7 to 12.2 R A at the Gasitao Ridge, i.e., the volcanic ridge closest to the CIR, whereas the Three Magi and Rodrigues ridges show 3 He/ 4 He ratios of 9.5 to 10.3 R A and 8.7 to 9.9 R A , respectively (Figure 4e ). Helium abundances are highly variable from east to west, with glasses from each individual volcanic ridge recording a wide range in helium concentrations (Figure 4f) .
[29] Mellor [1998] showed that basalts recovered from the Rodrigues Ridge (i.e., between 60°E and 64.5°E) record a decrease in average (La/Sm) N ratios from 3.87 to 0.95 with increasing distance from Réunion Island. Our new (La/Sm) N data for glasses sampled between 64°E and 66°E agree with the previously observed trend (Figure 6a ), i.e., the majority of glasses collected along the Rodrigues, Three Magi, and Gasitao ridges have (La/Sm) N ratios < 1. While two samples from the Three Magi and Rodrigues ridges show significantly higher (La/Sm) N ratios of 1.74 and 1.65, respectively (Figure 4g ), these trace element ratios still fall in the range of values observed at individual dredge sites by Mellor [1998] (Figure 6a ). We note that the distinct trace element signatures of these two samples do not correlate with anomalous helium isotope ratios or abundances; however, their 3 He/ 4 He ratios may have been modified by posteruptive 4 He ingrowth, a process that will be discussed in section 5.1.1.
Discussion
[30] Our helium isotope survey reveals that submarine glasses recovered from the CIR record a range in 3 He ratio component is present in the subridge mantle between ∼19°and 20°S, as well as in the mantle beneath the off-axis volcanic ridges to the west of the CIR. As the focus of this study is to identify the mantle end-member helium systematics, and to understand the dynamics of mantle mixing in this region, we first define the intrinsic helium characteristics of the different mantle sources by evaluating other mechanisms capable of modifying the volatile inventory of submarine basalts. While pillow basalts recovered from the off-axis structures are older and in part manganeseencrusted, the "zero age" of lavas erupted along the CIR axis renders any posteruptive ingrowth of 4 He insignificant. However, shallow level magmatic processes and preeruptive radiogenic 4 He ingrowth are considered in this section. 3 He/ 4 He ratios can be lowered over time by the addition of 4 He from the decay of U and Th. Therefore, it is important to evaluate the effect of radiogenic He production on the 3 He/ 4 He values of glasses from the off-axis volcanic ridges which may not be zero age. Dredged lavas from the Rodrigues Ridge range in age from 8 to 10 Ma , whereas samples from the easternmost Gasitao Ridge provide ages of 0.4 and 1.8 Ma [Dyment et al., 2001] . The maximum amount of radiogenic 4 He produced over time in basalts erupted off axis can be estimated according to [Graham et al., 1987] 4 He Ã ¼ 2:80 Â 10
Effects of Shallow Level Magmatic Processes
where T is the time in Ma, and [U] and Th/U are the uranium concentration in ppm and the atomic ratio, respectively, measured in the glasses (see Table S2 and Nauret et al. [2006] He/ 4 He ratio of the He-poor samples D29-1 and D34-1, and the 3 He/ 4 He ratios of 9.0 and 8.7 R A measured in these glasses today may represent minimum values. Consequently, if the total 4 He* was transferred from the glass matrix to the vesicles, the helium isotope ratios of the samples from the Rodrigues Ridge may have been significantly higher than typical MORB values (e.g., up to ∼10.3 R A in sample D34-1).
On-Axis Glasses: Degassing
[32] Degassing plays an important role in the helium inventory of any oceanic basalt [Bottinga and Javoy, 1990; Marty and Zimmermann, 1999; Hilton et al., 2000; Moreira and Sarda, 2000] . Virtually all oceanic basalts are supersaturated with respect to CO 2 (the carrier of magmatic helium) when they erupt, resulting in the formation of CO 2 -rich gas bubbles and loss of helium from the melt phase [Sarda and Graham, 1990] . Since the solubility of CO 2 decreases as the confining pressure decreases [Dixon et al., 1995; Jendrzejewski et al., 1997] , basaltic melts erupting at shallow water depths (i.e., under low hydrostatic pressures) will lose a higher proportion of their primary volatile inventory. In addition, the solubility of CO 2 is controlled by the water content of the magma; for example, an increase in the water content of a basaltic melt from ∼0.2 to 1 wt % H 2 O (at 200 bar) would decrease the CO 2 solubility from 100 to 50 ppm [Dixon et al., 1995] . Thus, a water-rich magma will lose its dissolved CO 2 more efficiently than an anhydrous melt. Consequently, a combination of high water contents and shallow eruption depths will promote extensive degassing, and a lower concentration of helium is to be expected for a melt erupting under such conditions.
[33] We recovered submarine glasses from the CIR axis between 2120 and 4270 m water depths (Table 2 and Figure 4d ). Figure 4d illustrates that between the Marie Celeste and the Egeria FZ, the depth of the CIR is greatest in the south. In addition, Murton et al. [2005] noted that water concentrations (determined for a subset of samples by Fourier transform infrared laser spectroscopy) and H 2 O/TiO 2 ratios of basaltic glasses decrease from 0.49 to 0.11% and 0.41 to 0.09, respectively, southward along the ridge axis. Thus, due to a greater confining pressure at eruption and low water concentrations, the melts from the southern end of the CIR segment are expected to retain their primary helium inventory more efficiently. However, our data reveal that the helium contents of glasses collected near the Egeria FZ are the lowest (Figure 4b ). In addition, helium abundances are highly variable for a given water depth. These observations lead us to conclude that the confining (i.e., hydrostatic) pressure and/or the water content are not the major controls on the observed variations in helium abundances of CIR basalts.
[34] Alternatively, fractional crystallization in a shallow magma chamber may increase the extent of gas loss from a melt [Marty and Zimmermann, 1999; Burnard et al., 2002] . Since volatiles (e.g., He and CO 2 ) are expected to behave incompatibly, their effective concentrations in a melt increase during fractional crystallization and eventually exceed the solubility limits at the magma chamber pressure. Thus, as CO 2 -rich bubbles form and other volatile species partition between the melt and the vapor phase, magmas are depleted in mantle-derived volatiles. Therefore, helium abundances are expected to correlate with a crystal fractionation index (e.g., the MgO content) if the extent of crystallization was the main control on the volatile solubility [Hilton et al., 1993] . However, Figure 3 shows that the helium abundances of our sample set do not show a clear decrease with decreasing MgO content, that is, with increasing fractional crystallization. On-axis samples are characterized by highly variable helium concentrations for a relatively restricted range (6.6 to 8.9 wt %) of MgO contents. This suggests that the observed variations in helium abundances along the CIR axis cannot be explained by varying degrees of fractional crystallization alone.
[35] We conclude that shallow level magmatic processes can be ruled out as the major controls on the wide helium concentration contrasts observed in basalts collected along the CIR axis. However, a more detailed evaluation of the degree of degassing requires knowledge of H 2 O and CO 2 concentrations. Major volatile content (H 2 O and CO 2 ) measurements by secondary ion mass spectrometry (SIMS) on all glass samples from the KNOX11RR cruise are in progress. These data will allow a more quantitative evaluation of the relationship between major volatile abundances and helium concentrations, and the results will be discussed in a separate publication (P. H. Barry et al., manuscript in preparation, 2011) . Here, we propose that the helium systematics of onaxis basalts are the result of mixing between different mantle sources with distinct helium inventories. Next, we discuss the helium characteristics of these different mantle components.
Enriched Mantle at ∼18°S: Preeruptive 4 He

Ingrowth
[36] The highest (La/Sm) N ratios along the CIR axis, characteristic of an enriched mantle source for a given degree of melting, are observed in basaltic glasses collected immediately south of the Marie Celeste FZ. These samples also show the highest ratios of other incompatible elements, e.g., Ba/La and Nb/Zr. However, glasses from this region show the lowest 3 He/ 4 He ratios (<8 R A ), and their Sr-Nd-Pb isotope characteristics differ from the composition of lavas presently erupting on Réunion . Consequently, the trace element enriched mantle material cannot be supplied by direct influx from Réunion toward the CIR. As an alternative explanation, we evaluate if on-axis melts in this region may be sampling (1) a "fossil" Réunion hot spot mantle component or (2) Pb ratios, as well as a decrease in "Nd values with time [Fisk et al., 1989; White et al., 1990] . These compositional changes have been attributed to temporal variations in the degree of mixing between the upwelling Réunion hot spot mantle and shallower asthenospheric MORB mantle White et al., 1990] . As the CIR was located closer to the Réunion hot spot in the past, the higher temperature and lower viscosity and density regime associated with the spreading ridge resulted in enhanced entrainment of depleted MORB mantle by the ascending hot spot material. In this respect, studies of other hot spots located close to spreading ridges (e.g., Iceland, Bouvet, Galápagos, and Easter) have revealed that the isotope characteristics of OIB lavas show mixing trends with MORB-like mantle [Hanan and Schilling, 1989; Hauri et al., 1994] . Thus, as the Réunion hot spot was centered under the CIR, mixing of the two mantle components could have generated basalts with lower 87 Sr/ 86 Sr and 206 Pb/ 204 Pb ratios, as well as higher "Nd values compared to lavas presently erupting on Réunion White et al., 1990] . These trace element and Sr-Nd-Pb isotope characteristics resemble the composition of basalts presently erupting near the Marie Celeste FZ, i.e., at the northern end of the studied CIR segment . If a "fossil" Réunion hot spot component is still present in the mantle beneath the CIR, it must have been isolated from mixing with ambient MORBlike mantle over the past 34 Ma in order to retain a distinct trace element and Sr-Nd-Pb isotope composition; however, radiogenic 4 He ingrowth from the decay of U and Th will have modified the initial 3 He/ 4 He ratio. [38] In order to evaluate if a "fossil" Réunion mantle component represents a suitable end-member for the helium characteristics of basalts collected near the Marie Celeste FZ, the He and (U+Th) content of this reservoir need to be estimated. Vlastélic et al. [2006] showed that the Réunion hot spot source has preserved a Th/U ratio of 3.9, similar to the bulk Earth value [Rocholl and Jochum, 1993] and identical to the Th/U ratio measured in sample D9-1 collected in the vicinity of the Marie Celeste FZ. Assuming 10% partial melting in the subridge mantle and quantitative partitioning of uranium from the solid phase into the melt, we estimate a uranium concentration of 35 ppb for the mantle source on the basis of the uranium content of sample D9-1 ([U] = 0.35 ppm). Therefore, we adopt values of [U] = 35 ppb, Th/U = 3.9, and a corresponding 4 He production ratio of 2.33 × 10 −7 cm 3 STP/ppm U/Ma [Ozima and Podosek, 2002] , and we assume an initial 3 He/ 4 He ratio of 13.0 R A (i.e., the helium isotope composition of lavas presently sampled on Réunion Island). The helium content of the Réunion hot spot component, however, is difficult to constrain. The primary helium content of different mantle reservoirs cannot be determined through direct measurements of volcanic materials, and models predict a wide range of 4 He concentrations between ∼0.5 to 50 × 10 −6 cm 3 STP 4 He/g for the OIB mantle source [e.g., Porcelli and Ballentine, 2002; van Keken et al., 2002] . The highest source estimates are based on steady state, layered mantle models, with the assumption that the lower mantle represents the source of OIB and has remained a closed system over Earth history [Porcelli and Wasserburg, 1995] . In contrast, significantly lower OIB source estimates are derived from studies of 3 He and magma flux rates at Kilauea [Hilton et al., 1997] . Consequently, we evaluate the effect of radiogenic 4 He ingrowth for a range of helium concentrations.
[39] Figure 5 shows that for an initial helium concentration of 50 × 10 −6 cm 3 STP 4 He/g, the helium isotope ratio in the mantle source would decrease by only ∼0.5% after 34 Ma of radiogenic 4 He ingrowth in a closed system. In order to shift the 3 He/ 4 He ratio to a value of 7.2 R A , i.e., the ratio observed in basalts collected near the Marie Celeste FZ today, a significantly lower initial helium content of ∼0.35 × 10 −6 cm 3 STP 4 He/g is required. However, the "fossil" Réunion mantle at 34 Ma may have had a different He isotope composition from the present value; enhanced entrainment of depleted MORB mantle by the ascending hot spot material in the past may have resulted in a lower helium isotope ratio of the trace element enriched mantle component compared to lavas currently erupting on Réunion. In this respect, we note that Older Series (5 to 8 Ma) lavas on Mauritius, located on the former site of the Réunion hot spot, have 3 He/ 4 He ratios of only ∼8 to 11.8 R A (this study and Hanyu et al. [2001] , consistent with a higher proportion of helium derived from a MORB-like reservoir. Nonetheless, an enriched mantle component with a lower initial 3 He/ 4 He ratio of ∼8 to 12 R A also requires a low primary helium content (i.e., 0.4 to 2.5 × 10 −6 cm 3 STP 4 He/g) for a decrease of the helium isotope composition to a value of ∼7.2 R A by radiogenic ingrowth over 34 Ma.
[40] These evaluations illustrate that the helium characteristics of glasses collected south of the Marie Celeste FZ can be explained by closed system radiogenic 4 He ingrowth in a "fossil" Réunion mantle component. However, the helium concentration in this mantle reservoir must be extremely low, i.e., comparable to the lowest concentration estimates for the OIB source and even lower than estimates for the MORB source (∼4 to 15 × 10 −6 cm 3 STP 4 He/g [Porcelli and Ballentine, 2002] ). In this scenario, this may either indicate that the Réunion hot spot source is charac- Figure 5 . Predicted time-dependent evolution of the 3 terized by a low intrinsic helium inventory or, alternatively, that significant degassing occurred during or after ascent of the upwelling hot spot material into the shallower mantle region. We note that the strong helium depletion observed in many OIB samples has been explained by extensive nearsurface degassing [e.g., Hilton et al., 1997; Hilton et al., 2000; Gonnermann and Mukhopadhyay, 2007] ; a corollary of these models is that the He content of the high 3 He/ 4 He ratio OIB source may be similar to, or greater than the concentration in the MORB source.
Metasomatized MORB Mantle
[41] Alternatively, Nauret et al. [2006] and Hémond et al. [2006] suggested that lavas collected near the Marie Celeste FZ may be derived from fertilized MORB-like mantle, as recently suggested for enriched basalts from the mid-Atlantic Ridge south of the Kane FZ. Donnelly et al. [2004] suggested that the generation of enriched MORB (E-MORB) requires two stages: depleted upper mantle is first fertilized (i.e., enriched in incompatible trace elements) by low-degree melts at subduction zones; the metasomatized mantle is then recycled to mid-ocean ridges where it is melted to greater extent to form E-MORB. Furthermore, they concluded that convective mantle mixing occurs on a timescale of ∼300 Ma, comparable to the stirring times proposed for the upper mantle by Allègre et al. [1995] on the basis of helium isotope ratios observed in MORB.
[42] For this scenario, we assume that the E-MORB reservoir is initially characterized by a helium isotope composition expected for normal MORB mantle (8 ± 1 R A [Graham, 2002] 3 He/ 4 He ratio will decrease to between 5.0 and 6.9 R A . These values are comparable to, yet slightly lower than, the ratios observed in glasses near the Marie Celeste FZ.
[43] In summary, we conclude that the helium characteristics of basalts sampled near the Marie Celeste FZ can be explained by either melting of a "fossil" Réunion hot spot mantle component or fertilized MORB mantle; in either case, the initial He isotope composition has been modified by preeruptive ingrowth of radiogenic 4 He over time. However, we caution that both models are critically dependent on estimates of the He and (U+Th) characteristics of the source mantle, as well as the degree of partial melting. Furthermore, mantle stirring timescales, here assumed to be of the order of ∼300 Ma, are not well constrained. We note that a companion study will investigate the relationship between He and other isotope systems (e.g., Sr, Nd, and Pb); the radiogenic isotope characteristics of the basaltic glasses will provide additional constraints on the origin of the trace element enriched mantle component in the northern part of the studied CIR segment (C. Hémond et al., manuscript in preparation, 2011) . Nonetheless, we emphasize that the trace element enriched, low 3 He/ 4 He ratio mantle component is only observed in the vicinity of the Marie Celeste FZ; lavas erupting near the Egeria FZ, ∼150 km to the south, record normal MORB-like trace element and helium characteristics. Thus, these observations call for a mechanism whereby distinct, small-scale heterogeneities can remain isolated in the ambient shallow mantle for 10s to 100s of Ma until they are sampled at the ridge axis.
Interaction of the CIR With the Réunion Hot Spot
[44] Our helium isotope survey reveals that 3 He/ 4 He ratios significantly greater than MORB values are observed between ∼19°and 20°S along the CIR axis (Table 2 and Figure 4 ), i.e., close to the present-day intersection of the CIR and the off-axis volcanic structures. Furthermore, high He isotope values up to 12.2 R A along the Gasitao Ridge, the Three Magi Ridges, and the east-west oriented Rodrigues Ridge show that a high 3 He/ 4 He ratio component is present beneath these volcanic ridges to the west of the CIR axis. Thus, our data appear consistent with influx of an eastward flowing tongue of high 3 He/ 4 He mantle material from the Réunion hot spot into the subridge mantle of the CIR, along an eastward trajectory that impinges the ridge at ∼19.5°S.
[45] Morgan [1978] suggested that in the case of off-axis hot spots, a pipe-like flow from the hot spot to the adjacent mid-ocean ridge axis may develop. As the ridge migrates away from the initially ridge-centered hot spot, it is continuously fed by preferential flow of enriched mantle material along a thermally induced sublithospheric channel [Schilling, 1985; Schilling, 1991; Kincaid et al., 1995] . Flow along the channel can be sustained for hot spot-ridge separations up to ∼1400 km, whereas greater distances appear to inhibit interaction due to increased fluid viscosities caused by cooling along the flow path [Schilling, 1985 [Schilling, , 1991 Kincaid et al., 1995] . At the intersection of the sublithospheric channel and the ridge axis, enhanced volcanism generates seamounts and islands which eventually form ridge-perpendicular volcanic ridges on the oceanic plate as it is moving away from the ridge [Morgan, 1978] . In this scenario, the off-axis volcanic ridges will have the same age as the underlying crust, i.e., their ages will increase with increasing distance from the ridge axis. However, Duncan et al. [1990] noted that the entire Rodrigues Ridge formed at 8 to 10 Ma without a westward age progression, and the Gasitao Ridge also appears to be younger than the underlying crust [Dyment et al., 2001] . These observations are inconsistent with the notion of generation of volcanic lineaments to the west of the CIR by a pipe-like channel supplying hot spot mantle material to the ridge axis.
[46] Therefore, Dyment et al. [2001] proposed that the Rodrigues Ridge, the Three Magi Ridges, and the Gasitao Ridge result from filling of tensional cracks in the lithosphere. Mittelstaedt and Ito [2005] showed that mantle upwelling at an off-axis hot spot influences the lithospheric stress field between the hot spot and the nearby spreading ridge, resulting in the formation of volcanic lineaments along areas of high integrated tension. Thus, the volcanic ridges to the west of the CIR axis do not require a pipe-like sublithospheric channel, and upwelling Réunion hot spot mantle may be expanding outward as a broad, pancake-like gravity current along the base of the lithosphere [Ito et al., 1997; Albers and Christensen, 2001] .
[47] Since the thickness of oceanic lithosphere increases as the square root of its age [Parker and Oldenburg, 1973] , thinning of the lithosphere toward the CIR axis may provide the gravitational driving force that causes the expanding Réunion hot spot mantle to flow "upslope" toward the ridge axis [Kincaid et al., 1995 [Kincaid et al., , 1996 Sleep, 1996] . In this case, shallowing of the base of the lithosphere, combined with additional thinning induced by tension, will trigger decompression melting along the flow path of the hot spot material [Sleep, 1996] , and continuous melt extraction processes are expected to progressively deplete the expanding Réunion hot spot mantle material in incompatible elements as it migrates toward the subridge region of the CIR. In this respect, Mellor [1998] previously showed that basalts from the Rodrigues Ridge record a decrease in average (La/Sm) N ratios from 3.87 to 0.95 and a concomitant increase in Zr/Nb ratios, from 6.3 to 65.7, with increasing distance from Réunion Island (Figures  6a and 6b) , consistent with the notion that the Réunion mantle component is progressively depleted in incompatible trace elements along its flow path. However, superimposed on the general geochemical gradients from west to east, lavas collected at an individual dredge site record a wide range in trace element signatures [Mellor, 1998 ], possibly reflecting small-scale source heterogeneities, mixing of different mantle components, and/or variations in the degree of melting and fractional crystallization.
[48] Our study reveals that some domains of the expanding hot spot mantle must retain their intrinsic helium isotope characteristics, as evidenced by 3 He/ 4 He ratios as high as 12.2 R A at the Gasitao Ridge, ∼1000 km away from the Réunion hot spot. Notably, the basaltic glass sample with the highest 3 Nauret et al. [2006] , i.e., a radiogenic isotope signature that is similar to the Réunion hot spot source [e.g., Luais, 2004; Bosch et al., 2008; Pietruszka et al., 2009] . In contrast, the same sample records the lowest Ba/La (1.1) and highest Zr/Nb (113.3) ratios, as well as a low (La/Sm) N value of 0.45 (Table 2 and Figures 3 and 6c) ; these trace element characteristics are typically attributed to melting of normal MORB mantle [e.g., Sun and McDonough, 1989; Albarède et al., 1997; Le Roux et al., 2002] . We propose that the isotope enrichment (i.e., high 3 Nd ratios) and concomitant trace element depletion observed at the Gasitao Ridge results from partial melting of a mantle source that has been contaminated by Réunion hot spot mantle; in this case, the hot spot component is characterized by significantly lower (La/Sm) N and Ba/La ratios, as well as a higher Zr/Nb value, than generally observed for "enriched" hot spot mantle as a result of previous extraction of incompatible trace elements by melting (Figure 6 ). These geochemical characteristics are also observed in basaltic glasses sampled on the CIR axis at ∼19.5°S; i.e., where the eastward flowing tongue of Réunion hot spot material impinges the ridge, basalts are characterized by 3 He/ 4 He values up to 10.6 R A and typical N-MORB-like trace element ratios (Figures 3e, 3f, 4c) .
[49] While some basaltic glasses from the Gasitao Ridge show the high 3 He/ 4 He signature of the Réunion mantle, the 2), whereas sample RC1 may be derived from a lower mean melt fraction [Murton et al., 2005] . The depleted trace element pattern and concomitant helium isotope enrichment (i.e., high
